In this study, the kinetics of adsorption of humic acid (HA) from aqueous solution onto a zeolitic tuff were investigated. X-ray diffraction, scanning electron microscopy, porosity and pore-size distribution measurements indicate that macromolecules can diffuse into the material. The kinetic curves show a two-stage adsorption. The adsorbed amount increases up to 2 days, remains constant and then increases again to attain equilibrium. There is a remarkable similarity between this adsorption behaviour of HA on zeolitic tuff and the behaviour observed when ultrathin multi-layers of polymeric materials are fabricated by self-assembly technique. Experiments reveal two distinct stages: the first corresponds to the macromolecules being driven towards the substrate, while the second is the result of arrangement of macromolecules. The first stage is a first-order kinetics with characteristic lifetime of 1-2 days, whereas the second stage is a Johnson-Mehl-Avrami function with (t m ) in the exponential and slower characteristic lifetime.
INTRODUCTION
Humic acids (HAs) are a class of compounds formed by the decomposition of organic matter, particularly plants. They are natural organic polymers containing aromatic blocks, with a broad molecular-weight distribution and high chemical heterogeneity. These compounds have an acidic character due to the presence carboxylic and phenolic groups in their structure (Hayes 1989) . HAs can form supramolecular associations under specific experimental conditions, particularly at acid pH, high concentration (HAs) and ionic strength of added salts (Baigorri et al. 2007 ). Such natural organic materials have numerous attractive features, such as the enhancing effect on soil productivity and formation of humate-metal complexes. Despite their numerous uses, the concentration of HAs in drinking water has to be very low, because of the unpleasant colour and taste that these substances impart as well as for their negative effects on human health. As chlorination of water containing HA may generate toxic by-products, such as trihalomethanes (Huanh and Yeh 1999) , identifying powerful methods to remove these substances have received increasing attention over the past decade.
Various technologies have been used for removing humic substances from drinking water, including coagulation (Wang et al. 2001) , ion exchange (Capasso et al. 2007a) , membrane filtration (Koo et al. 1993) and adsorption by activated carbon. However, mesoporous activated carbon is particularly effective in adsorbing HA, inasmuch as its open structure is suitable for holding HA macromolecules (Duan et al. 2003) . According to Ming and Allen, the use of natural zeolites to improve plant productivity or as a remediation agent in environmental protection has a potential of becoming a 'huge industry' (Ming and Allen 2001) . This potential is based on the unique chemical and physical properties of natural zeolites (e.g. high cation-exchange capacities, cation selectivity, molecular sieving) and their widespread occurrence in sedimentary deposits derived from volcanic materials.
Adsorption onto solid matrix is one of the most important processes that control transport, persistence, bioavailability and degradation of organic pesticides on soil (Singh et al. 1992) . Although adsorption characteristics are explored theoretically to a certain extent (Ward and Tordai 1946; Hansen and Wallace 1992) , experimentally very little is known about the adsorption kinetics of HAs on solid surfaces. The present study is concerned with the adsorption kinetics of HAs from aqueous solution (with no added salt) on zeolitic tuff. Results of experimental kinetics show an anomalous behaviour that is remarkably similar to the phenomenon one observes when a solid polymer swells (Ranade and Mashelkar 1995) . Evidence is provided that the adsorption of HAs on zeolitic tuffs is a complex process that cannot be adequately explained by a single kinetic model throughout whole process. We interpret the results phenomenologically as the manifestation of a two-stage process, namely, (i) an initial fast process during which HA molecules bind to active sites of zeolitic tuff and (ii) a subsequent process in which the HA molecules penetrate through the existing monolayer in conjunction with conformational rearrangement of macromolecules.
MATERIALS AND METHODS

Materials
A granulated tuff sample was obtained from Italiana Zeoliti (Pigneto, Modena, Italy). Before using the adsorbent, the raw tuff is grounded and sieved into three fractions as a function of particle diameter d p , G 1 : 0.1 ≤ d p ≤ 0.2; G 2 : 0.5 ≤ d p ≤ 1.0 and G 3 : 1.0 ≤ d p ≤ 2.0. In addition, the tuff fractions were repeatedly washed with deionized water (50 ml water/1.0 g tuff) until the rinsed water showed no increase in the conductivity after 1 day of contact with tuff. Finally, the samples were dried at 40 °C. HA was obtained from Fluka and purified as discussed in the 'HA Purification' section.
HA Purification
A 10-g sample was suspended in 1 l distilled water containing 10 ml of concentrated HF and 10 ml of concentrated HCl. After a vigorous stirring for 1 day, the mixture was filtered, and the precipitate was washed with 1M HCl, and suspended in 0.8 l of distilled water. An appropriate volume of 1M KOH was added to the suspension to bring the pH to 9.0. The mixture was stirred for 1 day, filtered and brought to pH 1.5 by adding concentrated HCl. The resulting mixture was stored in the refrigerator for a week. Afterwards, the purified HA was collected by centrifugation and washed with water. The HA was dialyzed against distilled water, until no significance change in the water conductance was observed. Finally, the purified HA was collected by lyophilization and dried in an oven at 40 °C. The elemental contents, determined by a CHN analyzer, were C = 63%, H = 5% and N = 3%. The ash content, determined by keeping the sample in an oven at 600 °C for 6 hours, was 0.1%, against a value of 20% declared by the producer for the non-purified product.
Tuff Characterization
Mineralogy of zeolite samples was investigated by X-ray powder diffraction using a Philips PW 1730/3710 diffractometer (Cu-K radiation 40 kV: 30 mA; curved graphite monochromator; scanning interval 3-80°; step size = 0.02°; 2θ: counting 5 s per step). For each sample, the analysis was carried out using micronized aliquots of approximately 1 g. The quantitative mineralogical composition was obtained through the reference intensity ratio technique using Al 2 O 3 as internal standard (Chipera and Bish 1995) . The morphology of the tuff samples was evaluated by scanning electron microscope (SEM) using a Cambridge Model S420-1 (Leica). The samples were not coated before SEM, as it was felt that this step this could occlude some of the salient features. The samples were mounted on aluminium specimen stubs with conductive silver painter, and a low acceleration voltage (20 kV) was used to avoid charging in the samples. The SEM images were analyzed using an image analysis software (Leica Image System).
The textural characterization of the tuffs was based on the mercury intrusion measurements carried out on a Pascal 440 (Thermo Finnigan) apparatus. The cumulative pore volume at a given pressure represents the total volume of mercury taken up by the sample at that pressure. These combined characterization techniques provide a detailed information on the tuff microstructure.
Preparation of HA Solutions
A 140-mg HA sample was suspended in 1.00 l of 0.01M 2-amino-2-(hydroxymethyl)-1,3-propandiol (Tris)/Tris-HCl buffer, pH 7.2, and vigorously stirred for 1 day. The pH was periodically tested, and, when required, adjusted by adding a few drops of Tris solution. Afterwards, the solution was filtered through an RC 0.45-µm membrane (Chemtek).
Uptake Measurements
HA adsorption on tuff samples was performed by the batch method using 50-ml screw-cap vials at room temperature. A 40-ml aliquot of 140 mg/l HA solution in 0.01 mg/l Tris/Tris-HCl buffer (pH 7.2) was added to each tuff sample (120-2500 mg) and kept at room temperature on a shaker at one oscillation per second. At pre-determined time intervals, samples were withdrawn, centrifuged at 15,000 rpm for 15 minutes, and the HA content was determined spectrophotometrically at 450 nm. HA adsorption was determined by calculating the difference between initial and final concentrations with appropriate corrections based on blanks. The adsorbed amount of HA per unit mass of granules at time t, q(t), (g/kg) was calculated with the mass balance equation as follows:
(1) where C 0 and C t (g/l) are the initial and at time t HA concentration, respectively, V is the solution volume and M is the mass of the granules (solids load).
RESULTS AND DISCUSSION
Tuff Morphology
The morphological characteristics of selected zeolitic tuffs were examined by SEM. Figure 1 shows two distinctive crystal morphologies that suggest the simultaneous crystallization of two different phases. Indeed, the grains appear to consist of tight aggregates, rod-shaped and pseudocubic crystalline structures, respectively, identifiable as phillipsite and chabazite. The crystals are separated by an extensive system of pores whose diameters are in the order of micrometre. The total zeolitic content (54%) was estimated by the vapour desorption procedure that is based on the different thermal stability of phillipsite (37%) and chabazite (17%). Ancillary crystalline phases, recognized by X-ray diffraction analysis are analcime, smectite, K-feldspars, pyroxene and trace of mica.
Tuff Porosity
Tuffs contain varying amounts of pumice fragments, vesicles, and lithophysae, and are welded to varying degrees, and therefore they can exhibit high porosity. Figure 2 shows the cumulative mercury inclusion in the pores. As one can see, the tuff has a fairly narrow unimodal pore-size distribution, which can be well represented by an average pore diameter. The porosity is 43% with an average pore diameter of 2.0 µm and the total specific surface area is close to 9 m 2 /g.
Uptake of HA
Kinetic results
Adsorption of HA is the final result of the competition among several reactions that include molecule-substrate, molecule-molecule, molecule-solvent and solvent-substrate interactions. Consequently, the adsorption process depends on pH, ionic strength and adsorbent dose. shows the experimental results of HA uptake kinetics on G 1 , G 2 and G 3 fractions for different zeolitic tuff loads. It is apparent that the amount adsorbed increases up to 1 day and remains almost constant (plateau), then increases again to attain the equilibrium state. Kawaguchi and co-workers showed that if the size ratio, i.e. the ratio of the average pore diameter to two times the radius of the macromolecule, is large, then the adsorption kinetic curves is monotonic with a single plateau (Kawaguchi et al. 1992) . For the samples G 1 , G 2 and G 3 , porosity measurements provide a mean pore diameter (d p ) of 2 µm; by contrast, intrinsic viscosity measurements (Kawahigashi et al. 2005) indicate that the average radius of HA macromolecules is between 10 and 40 nm. Thus, the zeolitic tuffs under investigation experience a size ratio of 50-1000, suggesting that the double plateau exhibited by the experimental curves is not an effect due to diffusion into pores but rather an intrinsic characteristic of the adsorption. This behaviour reveals a probable existence of a two-step adsorption process. There is a remarkable similarity between this apparently anomalous behaviour of HA adsorption on zeolitic tuff and the behaviour that one observes when block co-polymers are adsorbed on silicon wafer (Motschmann and Stamm 1991) or when poly(o-methoxyaniline) selfassembled films are formed (Raposo et al. 1997) . Other interesting features observed in Figure 3 are as follows: (i) under the experimental conditions adopted, saturation is achieved within 20 days for all samples; (ii) the saturation value does not depend on particle size but only on the amount of adsorbent used; and (iii) the smaller the adsorbent load, the greater the amount adsorbed at equilibrium. To better understand the adsorption mechanism, we divide the experimental results into two sets, the first from the initial time to first plateau and the second from the first plateau at the end of the process, discussing them separately. First stage. The main issue when searching for an appropriate adsorption mechanism is to select a mathematical model that not only fits the data with satisfactory accuracy, but also complies with a reasonable adsorption mechanism. Thus, in order to identify the correct mechanism, several models have to be checked for suitability and consistency in a broad range of system parameters. According to this procedure, numerical tests were done to evaluate the role of diffusion in the initial stage of adsorption process. In particular, we verified that the amount of HA adsorbed cannot be explained by a t 1/2 dependence even for a short period. Based on the best fit to experimental data displayed in Figure 4 , we establish that this stage depends on the time according to the relationship where τ 1 is the lifetime to reach the plateau (Venditti et al. 2011) and q 1 is the amount of HA measured at the plateau. Figure 5 and Table 1 show the effect of particle size on the parameter τ 1 . It appears that the lifetime varies very slightly for the fractions G 1 and G 2 , while it remains constant and equal to the average value for G 3 . However, going from G 1 to G 3 , the external surface shows a two-order magnitude variation; therefore, we deduce that the lifetime is scarcely correlated to external surface. As a consequence, the external mass transfer and intraparticle diffusion are not limiting steps for this adsorption stage. Thus, the first stage of the adsorption process appears to be independent of both the external mass transfer and intra-particle diffusion, suggesting that it is determined by binding to the active sites on the zeolitic tuff. Consistently, the parameter q 1 independent of particle size is a decreasing function of the adsorbent mass ( Figure 6 ). By fitting to data in Figure 6 , one establishes the following:
(3) Second stage. The second stage cannot be a first order because the increase in q(t) that follows the plateau has an upward inflexion. Rather, it was represented by a so-called Johnson-Mehl-Avrami function with t m as exponential (Johnson and Mehl 1939; Avrami 1941) (4) where q 1 , q 2 , τ 1 , τ 2 and m are adjustable parameters. To avoid artefacts in the adsorption curves, the terms q 1 and τ 1 , calculated by fitting of the first stage, were kept constant in this procedure. The fitting results are collected in Table 2 . The parameters q 2 and τ 2 have the same physical meaning as q 1 and τ 1 , except that the adsorption is most concentrated in the second stage (q 2 > q 1 ). It is clear that τ 2 varies little from G 1 to G 3 for a fixed adsorbent load; however, all fractions showed a slight decrease while increasing the adsorbent mass. The parameter q 2 is independent of tuff particle size and exhibits a dependence on mass M as q 1 q(t) q 1 exp t q 1 t 
Thus, the experimental results suggest that once the adsorption is started, the chemical affinity for specific sites pushes HA molecules towards the substrate, generating domains at high macromolecular density (first stage). These regions are similar to the nucleation points of the Avrami's theory of phase change. In the second stage, HA macromolecules rearrange on the substrate allowing for the diffusion of the adsorbed material by triggering the growth surface.
The growth is very smooth and the pattern of overall adsorption, i.e. surface growth, looks very much similar to an Avrami-type ordering process. A particular comment has to be made on the parameter 'm': According to the original Avrami's theory, this parameter (called Avrami exponent) reflects the characteristics of nucleation and growth process during a phase change. It can be seen in Table 2 that the value of m ranges from 2.0 to 3. An m value = 3 indicates that the sample nucleates only at the start of process, while m = 2 refers to a continuing nucleation at grain edges during the process (Rao and Rao 1978) . This suggests that the nucleation mechanisms are different under different conditions. From the trend in Table 2, increases as solid load increases, the nucleation mechanism of m = 3 is more likely to dominate under higher zeolitic tuff load, whereas the mechanism of m = 2 tends to dominate under the lower solid load. This conclusion seems to be reasonable because the higher the solid mass, the more availability of active sites. Thus, more HA molecules have the ability to link the sites to nucleate and more nuclei can form at the beginning of transformation, i.e. in the first stage. This is the case of solid masses 1000 and 2500 mg. By contrast, for lower solid masses, not so many HA molecules can nucleate at the beginning of adsorption. They can only nucleate during the adsorption process.
Thermodynamic results
Equation (4) not only provides useful information about the adsorption mechanism, but also allows to determine the amount of HA adsorbed at equilibrium, i.e. at infinite time. The amount of HA adsorbed at equilibrium is given by equation (6) as follows: (6) When the q eq values that are derived from Tables 1 and 2 are introduced in equation (1), bulk equilibrium concentration, C eq , is obtained. The pairs (q eq , C eq ) are points that lie on the adsorption isotherm. The set of pairs calculated is collected in Figure 7 . In the same plot, the values that were measured at lower concentrations in a previous paper (Capasso et al. 2007b ) are also displayed.
It is truly remarkable as to how the curve exhibits a behaviour similar to that obtained in adsorption process for fabrication of layer-by-layer films using poly(o-methoxyaniline) (Raposo and Oliviera 1998) . The increase in q eq values for high concentrations of polymer was attributed to the increase of polymer aggregation in the aqueous solution. Because the ability of HA to aggregate in water is well known (Chilom et al. 2009 ), we can infer that the increase in q eq value for high concentrations of HA can be attributed to HA's ability to aggregate in aqueous solution. For low concentrations, the data are well-fitted to a Langmuir isotherm. It must be stressed that the Langmuir isotherm was developed for adsorption of non-interacting hard spheres. It is evident that HA does not reflect these characteristics, and moreover, it is a hetero-disperse macromolecule, which could be the reason why a round isotherm curve such as the one shown in Figure 7 is obtained. Because of the lack of theoretical models that can be applied to complex systems such as hetero-disperse macromolecules, a number of other authors still use the Langmuir isotherm fitting to get estimates of the energies involved in the adsorption process (Awan et al. 1997) .
CONCLUSIONS
This study reports direct observations of similarity between HA adsorption on zeolitic tuff and adsorption process in layer-by-layer films. Based on this similarity, experimental observations have been interpreted as a two-stage process. The initially fast first-order kinetics, with characteristics times of a few days, are followed by a much slower process, which is fitted by a Johnson-Mehl-Avrami function. Such function is a compressed exponential, that is to say exp[−(t/τ 2 ) m ] with m > 1, and corresponds basically to nucleation and growth mechanism. The Avrami analysis indicates that nucleation mechanisms are different under different conditions. The nucleation mechanism of m = 3 is more likely to dominate at high amounts of tuff, whereas the mechanism m = 2 tends to dominate at low amounts of tuff. The similarity also extends to equilibrium measurements. This evidence has been attributed to the increase of HA aggregation.
